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AERODYNAMIC HEATING TESTS OF A 0.I0 SCALE

SPACE SHUTTLE ORBITER ELEVON/ELEVON GAP MODEL

93-0 IN THE NASA/ARC 3.5 FOOT HYPERSONIC WIND

TUNNEL (OHI08)

by

J. Gee

Rockwell International

Space Transportation and Systems Group

ABSTRACT

Test OHIO8 was conducted in the NASA/ARC 3.5 Ft. Hypersonic Wind Tunnel to

obtain detailed Space Shuttle Orbiter elevon/elevon gap and wing stub heat-

ing distribution data to verify design heating rates with the elevon gap

skewed 15 ° to the alrstream. This test was conducted from December 15,

1980 through January 16, 1981. The NASA-AMES test identification number

was ARC 3.5 HWT 254. The test model 93-0 is a flat plate with a 0.I0 -

scale simulation of the orbiter elevon/elevon gap and stub region at the

trailing edge of the plate.

The test was conducted at a nominal Math number of 7.3 and Reynolds numbers

of 0.5, 0.75, 1.0, 1.5, 2.0 and 3.0 x 106. The model was tested at angles

of attack of 30 and 40 degrees and elevon deflection angles of O, 2 and 5

degrees.

A total of 54 runs were completed during the test to obtain aerodynamic

heating rates and oll flow visualization data.
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INTRODUCTION

This report contains data from wind tunnel tests in the NASA-AMES Research

Center 3.5 Ft. Hypersonic wind tunnel which were conducted from December 15,

1980 to January 16, 1981.

The objective of the test was to obtain detailed elevon/elevon gap and wing

stub heating distribution to verify design heating rates with the elevon

gap skewed 15 ° to the airstream.

Analog signals from 75 chromel-constantan, thermocouples on the model were

converted to a digital output and recorded on magnetic tape for later data

reduction to heating rate coefficients.

The test was conducted at a nominal stagnation temperature of 2000 ° Rankine

simulating free air at a Mach number of 7.3 and Reynolds numbers of 0.5 to

3.0 x 106/Ft. Model attitude was varied from 30° to 40° angle-of-attack.

The model 93-0 was tested with flat plate approach lengths of 6 and 7.8

inches forward of the elevon hinge line at elevon deflection angles of 0 2

and 5 degrees.



S YMBOL

b

C

Co, Cl, C2

MNEMON IC

Cp

_e

Ha w

Ht

ELEVON

HAW

HT

HW

h H

hs i-IS

hlhs(X.XXX) H/HREF
(R--X.XXX)

Pt 'PT

LENGTH

MACH

PINF

PT

NOMENCLATURE

DESCRIPTION

thickness of model skin

specific heat of model skin material

constants in curve fit for C over model wall

temperature range

specific heat of air stream (perfect gas value)

elevon deflection angle, degrees

adiabatic wall enthalpy

freestream total enthalpy

enthalpy based on model wall temperature for

given thermocouple location at initial time

heat transfer coefficient at model wall for

given thermocouple location

stagnation-point heat transfer coefficient for

reference sphere

ratio of model heat transfer coefficient to

heat transfer coefficient of reference sphere

for Haw/H t = X.XXX (i.000, 0.900, 0.850)

model lengt_ ahead of hingeline

freestream Mach number

freestream static pressure

freestream total pressure



NOMENCLATURE(Continued)

w

SYMBOL

qs

R s

Re_/ft
Rn

Re_, L

st(xxxx)

T

T t

Tw i

T/C

t

ti

u

W

!

MNEMONIC

Q, QDOT

OS, QREF

SCALE

RN/L

REL

STN NO

R=X. XXX

TINF

TT

TW

T/C NO.

TIME

VlNF

DESCRIPTION

heat transfer rate at model wall for given

thermocouple location at initial time

stagnation-polnt heat transfer rate for refer-

ence sphere at initial time

reference sphere radius at model scale equiva-

lent to 0.305 m (I ft.) for full-scale vehicle

freestream Reynolds number per foot

freestream Reynolds number based on model

reference length, L

Stanton number based on freestream flow condi-

tions and the model heat transfer coefficient

for Haw/H t = X.XXX (I.000, 0.900, 0.850)

temperature

freestleam static temperature

freestream total temperature

model wall temperature for given thermocouple

location at initial time

thermocouple number

time

initial time (before model insertion into flow)

extrapolated from f(T w) vs. time

velocity

freestream velocity

density of model skin material

¥



X&

X2

x/%

x/c

Y
W

Y1

Y2

Z w

Z2

Ct

6

P

o

MNEMONIC

XW

X1

X2

XVlCV

XW/CW

YW

Y1

Y2

ZW

Z2

ALPHA

BETA

RHO

NOMENCLATURE (Continued)

DESCRIPTION

full scale longitudinal location on orbiter,

measured from a point 235 inches (full scale)

forward of the orbiter nose

model scale longitudinal location on wing,

measured from leading edge ofmodel

model scale longitudinal location on wing measured

from elevon hinge line and perpendicular to that line.

chordwise location on vertical tail, percent of

vertical tail chord

chordwise location on wing, percent of wing chord

full scale lateral location on orbiter, measured
from orbiter centerline

model scale lateral location on wing, measured

from model centerline

model scale lateral location on wing, measured

from center of elevon/elevon gap and parallel to

elevon hinge llne

full scale vertical location on wing, measured

from reference line of wing

Vertical location measured from elevon hinge line

perpendicular to wing reference plane

model angle of attack, degrees

model angle of slideslip, degrees

viscosity of air

density of air



SUB SC RI PT S

aw

i

n

O

PG

S

t

T

W
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NOMENCLATURE (Concluded)

DESCRIPTION

adiabatic wall

initial value before model insertion into

tunnel flow

nozzle

orbiter

perfect gas (calorically and thermally perfect

gas)

reference sphere

freestream total condition

external tank

wall

freestream

conditions upstream of shock

conditions downstream of shock



CONFIGURATIONS INVESTIGATED

Model 93-0 consists of a flat plate, II inches wide supported by two end

plates. The end plates do not extend below the plate. The leading edge

of the plate is sharp with a 23 ° wedge shape. At the trailing edge of the

plate the orbiter elevon/elevon gap and wing stub were simulated at 0.i0

scale. The elevon chord and thickness at the gap are simulated at 0.04

scale.

The elevon/elevon gap and elevon hinge line wereskewed 15° to the flow

direction to simulate the gap in a crossflow direction. The distance of

the plate was 6 inches when the model was tested at 40 ° angle of attac_ed

and was 7.8 inches when the model was tested at 30 ° angle of attack.

Elevon deflections of 0°, 2° and 5° where available. Model details

are shown in figure la. Installation of the model in the ARC/3.5 Ft.

Hypersonic Wind Tunnel is shown in figure 2a.

w_
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INSTRUMENTATION

The model was instrumented with chromel-constantan thermocouples installed

on 17-4 stainless steel thin-skin sections of the lower surfaces of the flat

plate, elevons and elevon stub. Skin thicknesses varied from 0.020 to

0.032 inches.

A total of only 75 thermocouples were utilized during this test due to the

facility data system channel limitations. Thermocouple locations and skin

thicknesses for the following groupings are presented in Table III and

Figures Ib and Ic.

I. Leading Edge of Flat Plate (Lower Surface)

2, Elevon/Elevon Gap Area (Lower Surface)

3. Elevon/Elevon Gap (Inboard End of Elevon)

4. Wing Stub Area (Between Elevons)

LISTING OF MODEL 93-0 INACTIVE THERMOCOUPLES

Ru___nn

All

30

All

38-58

T/C No.

1236

223

Ii

6

Remarks

Bad T/C all test runs

Intermittent Run 30 Only

Cover-up by Wing Stub

Intermittent Bad Reading

During Oil Flow Tests



TESTFACILITY DESCRIPTION !

The NASA/Ames3.5 Ft. Hypersonic Wind Tunnel is a closed-circuit blow-

down-type tunnel capable of operating at nominal Mach numbers of 5, 7,

and I0 at pressures to 1800 psia and temperatures to 3400°R for run

times to four minutes. The major componentsof the facility include a

gas storage system where the test gas is stored at 3000 psi, a storage

heater filled with aluminum-oxide pebbles capable of heating the test

gas to 3400°R, axisymetric contoured nozzles with exi_ diameters of 42

inches for generating the desired Mach number, and a 900,000 ft 3 vacuum

storage system which operates to pressures of 0.3 psia. The test section

itself is an open-Jet type enclosed within a chamber approximately

12-feet in diameter and 40-feet in length, arranged transversely to the

flow direction.
i

A model support system is provided that can pitch models through an

angle-of-attack range of -20 to +18 degrees, in a vertical plane, about

a fixed point of rotation on the tunnel centerline. This rotation point •

is adjustable from i to 5 feet from the nozzle exit plane. The model

normally is out of the test stream (strut centerline 37-1nches from

tunnel centerline) until the tunnel test conditions are established, after

which it is inserted. Insertion time is adjustable to as little as 1/2

second and models may be inserted at any strut angle.

T
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i
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TEST FACILITY DESCRIPTION (Concluded)

A high-speed, analog-to-digital data acquisition system is used to record

test data on magnetic tape The present system is equipped to measure
• L

and record the outputs from 80 transducers in addition to 20 channels of

tunnel parameters.

w
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TESTPROCEDURES

The Model 93-0 was mounted between side plates SS-H01890-89 and -90 which

were attached to the mating strut assembly, SS-H01713-3. This combined

assembly was attached to the tunnel insertion mechanism. After tunnel

flow was established, the model was inserted into the airstream with the

model remaining on center-line for approximately one (I) second. The

heating rate data were recorded on magnetic tape at 0.07 second intervals.

Prior to each run, the thermocouples were monitored from tabulated raw data

print outs to insure that the model was isothermal and all thermoeouples

were functioning properly. Test conditions are listed in Table I and the

run schedule is presented in Table II. Heating rate data were recorded

during the titanium oxide oll flow visualization portion of the test

(Runs 32-58),but no attempt was made to determine the effect of the oll

on heating rates. The majority of conditions investigated during this

phase of the test were repeat runs of configurations run in a clean con-

dition during the initial phase of testing (Runs 5-31). Typical oil flow

photos are presented in Figures 2b through 2e.

i
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DATA REDUCTION *

All test data were reduced at the NASA Ames Research Center using the

data reduction techniques outllned below. The thermocouple data were

reduced using the one-dlmensional, thin-wall equation:

q = WC'o dTw ffi h (Haw- Hw)_= hTt(_ aw _liw)
dt

which neglects heat conduction losses.

(1)

Assuming that W and h are constant and

C = Co + CITw + C2Tw 2 for TW ranges (2)

the integration of equation (i) for t = ti to t and Tw = Twl to

yields the linear equation:

w

f,Tw>--,n('_w-'w)i-rc.'÷_2 ( )]raw-rwi Lc_ c_ r_ + r,_rwi, (rw__wi)

=--_P-- (t - t i)
WC_wb

(3)

where it is defined that:

Haw _ Haw H t >

Taw _ Cp - H t Cp (Taw)PG (4)

and

clw co + cI r;w+ c2 zaw2 (5)

specific heat at adiabatic wall temperature.

*Data Reduction section provided by William K. Lockman,
NASA Ames Research Center

13



DATA REDUCTION (Continued)

The form of Equation (3) is f(T w) = mt + a where m is the slope and a is

the intercept for a straight llne if heat conduction errors are negll-

glble. Thus, deviations from a straight llne can indicate heat conduc-

tion effects. "

The slope, m, of f(Tw) vs t from Equation (3) is computed by a least-

squares, straight-line fit over a finite time interval (approximately

one second) beginning when the model reaches uniform tunnel flow. The

value of the heat transfer coefficient, h, is then determined from:

WC_wb
h =--m (6)

Cp

Using this value of h, the heat transfer rate is evaluated at the initial

time, ti, when the model is isothermal .at the initial wall enthalpy, Hwl

/ Haw (7)4 = qi = h (Haw - Hwl) _ hHt _

where Haw/H t is the same value used to evaluate h. The resultant value

of q is independent of the value of Haw/H t used for both the h and

evaluations.

The reference sphere heating is also evaluated at the initial wall

enthalpy by the method of Fay and Riddell.

(Hi- Hwi)=- hs Bt / __i.0 _ Hw__ll) s'hs (8)
H t - :2

14
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DATA REDUCTION (ContinUed)

The model-to-sphere ratio of heat transfer coefficients is then determined

from Equations (7) and (8) as

h ..0_,,,] (9)

Where ql is constant for all values of Haw/H t-

various values of Haw/Ht, the particular value of Haw/H t is substituted

into Equation (9).

To determine h/h s for

The Stanton number is defined as

ou ou(_aw - Hwl)

where for freesCream conditions, 0u = P_ V_.

(io)

The calculations of the model heati_, reference sphere heating, and

Reynolds number included the corrections of NACA report 1135 (Figure 2)

for calorically imperfect, thermally perfect air. Keyes' equation for

viscosity was also used for the sphere heating and Reynolds number com-

putations:

. 0.0232 x IO-6T 0-5 (ii)
220 /T

1 +g x 10-9

where the unlts for T and _ are OR and Ib-sec/ft, respectively.

15



DATA REDUCTION (Concluded)

Material Properties

The instrumented areas of the model were constructed of 17-4 PH stainless

steel. The material thermal properties necessary for thin wall thermo-

couple data reduction are listed below.

Material density: W - 490 ib/ft 3

Materlal specific heat: C - 0.0797 + 5.556 X 10 -5 T BTE
Ibm-OR

m

r
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TEST " OB-108/ARC254
m I In II ] ]lll i i|m m,i

J DATE : 1-16-81
m

TABLE I. TEST CONDITIONS

MACH NUMBER
REYNOLDS NUMBER

(per unit length)

Total Pressure

(pounds/sq. inch)

7.3 0.50

0,75

1.00

1.50

2.00

STAGNATION TEMPER_TItRE
(degrees Fahrenheit) R

%f

7.3 3.00

194 2000

2.9_Z
388

582

78O
.... %#'

116__4 ...... 20_o9_....

BALANCE UTILIZED:

NF

SF

AF

PM

RM

YM

NOT REQUIRED

CAPACITY: ACCURACY:
COEFFICIENT
TOLERANCE:

COMMENTS:

18
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TABLE III. THERMOCOUPLE DIMENSIONAL LOCATIONS

Group (i): Leading Edge Flat Plate Instrumentation

(T/C) No.

75
76

77

78
84

85

200
201

202

203

204

205

xI (in.)
From Leading Edge

0.9

1.5

1.875

3.0
4.6

5.05

3.0

3.0
3.0

3.0

3.0
3.0

YI

Inches

O.

O.

O.

0.

O.

O.

-3.

-2.

-I.

.1o

2.

3.

Skln Thicknes_

(Inche s)

.032

.032

Not Used

.0287

.0278

.0286

.0302

.0292

.0291

.0253

.O314

.0307

lib
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TABLE IIl

Group (2) :

THERMOCOUPLE DIMENSIONAL LOCATIONS (Continued)

Elevon/Elevon Gap Area Instrumentation

214

19

25

219
220

221
18

24

17

23

224

225
226

227

228

229

230

231
232

212

216

217

218

222

223

208

88

87
86

209

210

X2 (in.)

From Hinge Line

0.25
0.668

0.668

0.668
0.668

0.668
1.055

1.055

1.438

i•438

2.14

2.14

2.14

2.14

2.14

2.50

2.50

2.865

2.865

0.25

0.668

0.668
0.668

2.14

2.14

Z2
(Inches)

0.64

0.39

0.64

0.89

1.26

2.26

0.39

0.64

0.39

0.64

0.39

0.64

0.89

1.26

2.26

0.39

0.64

0.39

0.64

Skin Thickness

(Inches)

0.021

0.021

0.022

0.022

0.0205

0.0205

0.027

0.028

0.021

0.025

0.0275

0,021

0.021

0.0205

0.0205

0.0275

0,0245

0.024

0.020

-0.607
-0.607

-0.607

-0.607
-0.607

-0.607

- .64

-1•26
- .64

- .39

- .64

- .39

0.020

0.0205

0.O20

0.020

0.0205

O. 0205

-.63

-•25

0

+25

+.63

+I.00

0.0301
0.0307
0.0301

0.0292

0.0300

0.0307

,,-,4 ¢j_

v

O3

O u

o
• G;

".:

21



TABLE III

Group (3) :

THERMOCOUPLE DIMENSIONAL LOCATIONS (Concluded)

(L/H) Elevon Gap End Instrumentation

(T/C)

3

6

9

II

1236

233

8

234

5

235

237

238

4

7

i0

236

241

244

247

250

253

240

243

246

249

252

255

258

239

242

245

248

251

No.

Group

X2 (in.)

Elevon Hinge Line

1.438

1.055

0.668

0.041

2.140

0.668

0.862

1.055

1.241

1.438

2.500

2.865

1.438

1.055

"0.668

2.14

Z2
( Inche s)

.406

.461

.513

.556

.556

.556

•288

.556

•284

.556

.556

.556

.126

.097

.066

.556

Skin Thickness

(Inches

.=

I

0.021

(4): Wing Stub Instrumentation

X = Elevon Hinge _ Y = (Inches)

O.

0.125

0.25

0.375

0.50

O.

0. 125

0.25

0.375

0.50

0 •625

0.75

.

0.125

0.25

0.375

0.50

O.222

0.00

0.00

-0,222

i.
-0.222

.o2o!
i

\g

.0205

.0205

t

%1

.0205

;020S

.02_'5

E,,,,_rn

v

r,_

'--, E-*

o,'.)

_)
,_ G

r,,.)

r._

,,LI

:z:

v.,.4

p

L

i

t

v
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S4_C.Lr. _ , Ef._'D (lit.)

$c: r/o r.L wl"

ae General Model Layout

Figure I. Model Sketches
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c. Thermocouple Locations on Details

Figure I. (Concluded)
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Front View

Side View

a. Installation Photographs

Figure 2. Model Photographs
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APPENDIX

TABULATED SOURCE DATA
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